Custom-made esthetic finger prostheses, which are used for rehabilitation of patients with missing or impaired fingers, have been fabricated manually. However, such fabrication is time-consuming and requires manual skill. Here we propose a computer-aided method for fabricating finger prostheses to save time and allow fabrications that do not require considerable manual skill. In this method, the dimensions of a patient's healthy finger on the contralateral hand are first measured using a caliper. Using these dimensions, a three-dimensional model is constructed for fabricating a prosthesis for the patient's impaired finger. Using the 3D model, a mold is designed using 3D modeling tools and a computer-aided design system. The resulting mold is then fabricated using a 3D printer. A finger prosthesis is fabricated by pouring silicone resin into the mold. A finger prosthesis for a volunteer was experimentally fabricated according to the proposed method. To evaluate the size and shape of the finger prosthesis, the difference between the finger prosthesis and the original finger of the volunteer was analyzed. Because the average difference between them was 0.25 mm, it was concluded that the proposed method could be used to fabricate a finger prosthesis of adequate size and shape.
Introduction
Esthetic finger prostheses are used for rehabilitation of patients with missing or impaired fingers. Because the characters (size, shape, color, etc.) of fingers are different from person to person and also differ with the types of fingers, the finger prostheses differ with patients. Therefore the finger prostheses must be custom-made. The custom-made finger prostheses have been fabricated manually by referring the shapes of patient's fingers [1] . However, such fabrication is time-consuming and requires manual skill.
Computer-aided techniques have been proposed by several researchers to enable fabrication of finger prostheses using methods that would both save time and require less manual skill [2] [3] . In these techniques, a healthy finger is scanned using a laser scanner (e.g., if the index finger of a patient's right hand is absent, the healthy index finger of the patient's left hand is scanned) to produce a three-dimensional (3D) model of the healthy finger. Next, a 3D model of the finger prosthesis for the patient's impaired finger is produced by mirroring the 3D model of the healthy finger. Using a 3D printer, a mold is manufactured, into which silicone resin is poured to fabricate the finger prosthesis. Similar techniques have also been applied to facial prostheses [4] - [11] .
Although this technique enables workers with less manual skills to fabricate finger prostheses, it has some disadvantages. To fabricate a complete 3D model of the healthy finger, a healthy finger needs to be scanned several times from several different directions; moreover, the multiple 3D models obtained by the laser scanner need to be aligned and combined. Furthermore, the surface abnormalities need to be eliminated and the surface gaps on the combined 3D model need to be filled. These tasks are troublesome and time-consuming. Therefore, from our experience [3] , we consider that these techniques do not necessarily reduce the time required for fabricating finger prostheses.
To avoid these troublesome tasks, we propose a fabricating method that enables us to fabricate a complete 3D model of a finger using the method [12] developed in the Digital Human Research Center.
Methods
A custom-made esthetic finger prosthesis requires the following characteristics:
1) The external shape of the finger prosthesis should resemble the patient's healthy fingers.
2) The internal shape of the finger prosthesis should fit the impaired part of the patient's hand or finger.
In this paper, we focus on the first characteristic; the second characteristic will be considered in our future study.
Synthesizing a 3D Model of the Finger
We use the method proposed by Kimura et al. [12] to make a 3D model. The external shape of this model closely resembles the individual's healthy fingers. The method does not require the troublesome tasks mentioned in the Introduction section.
First, eight representative dimensions of a healthy finger are measured using a caliper, as shown in Figure 1 . If a finger on the right hand is impaired or missing, the dimensions of its counterpart on the left hand are measured and vice versa.
Using the dimensions and Geometric Database [12] , a 3D model of the finger is synthesized automatically. The Geometric Database was constructed in the Digital Human Research Center by computing the difference between individuals from their MRI images and analyzing these differences statistically to obtain the principal Figure 1 . Measurement of the eight representative dimensions of a healthy finger [12] .
features of the geometry. The MRI images of 50 people were used for the construction and Principal Component Analysis (PCA) was used for the statistic analysis. We can synthesize possible variation of fingers by computing weighted summation of the principal features. To synthesize a 3D model of a target individual, an optimization method is used for minimizing the errors in the representative dimensions between the synthesized model and the target individual. The details on the database and synthesizing method can be found in a previous report [12] .
Because the database has data for only right-hand index fingers, 3D models of these fingers can be readily synthesized. However, the dimensions of either the right or left hand can be used as inputs because the differences between the dimensions of both hands are minimal. If a patient has an impaired right index finger, the dimensions on the left healthy index finger are measured and a 3D model of the right index finger is synthesized. This model can be used as a 3D model of the finger prosthesis for the impaired right hand. If a patient has an impaired left index finger, the dimensions on the right healthy index finger are measured and a 3D model of the right index finger is synthesized. In this case, a 3D model of the finger prosthesis for the impaired left finger is made by mirroring the synthesized model, in the manner proposed by previous studies [2] [3] . To deal with the other types of fingers as well as index fingers, the database needs to be extended to include data for all fingers.
In this study, we experimentally fabricated 3D model and finger prosthesis for a healthy volunteer who is not a patient and has no impaired fingers. In this experiment, we assumed that the left index finger was impaired. Figure 2 shows the synthesized 3D model for the volunteer. Figure 3 shows the mirroring of the synthesized model to obtain the finger model for the left hand.
Design and Manufacturing of the Mold
We use the 3D modeling tools (Rapid Form, INUS Technology & Free Form, Sens Able Technologies) and Computer-aided Design (CAD) system (Solid Works, Dassault Systemes) to design a mold that is used for fabricating the finger prosthesis.
First, a cuboid is made by using Solid Works, and the 3D model of the finger is subtracted from the cuboid by using Rapid Form. Next, the cuboid is separated into upper and lower parts by using Free Form. Figure 4 shows the 3D model of the mold, which was designed using the steps mentioned above. The hemisphere in the bottom of the mold shown in Figure 4 is the stand for the finger prosthesis, and the two hemispheres in the right and left parts of the mold are intended to join the upper and lower parts without forming a gap. These hemispheres are created by using Solid Works and are subtracted from/added to the mold model by using Free Form.
Mold manufacturing is performed using a 3D printer (Z-Printer 450, 3D Systems) that continuously fabricates thin layers of plaster until the entire mold is completed. Figure 5 shows the mold fabricated by the 3D printer.
A finger prosthesis is fabricated by pouring silicone resin into the mold. Figure 6 shows the fabricated finger prosthesis.
Evaluation and Results
To evaluate the size and shape of the finger prosthesis, we analyzed the differences between the finger prosthesis and the original finger of the volunteer using the procedure described below.
First, the left index finger of the volunteer was duplicated using the dental impression technique and consequently a plaster cast model of the index finger was made. Next, the plaster cast model and the finger prosthesis were scanned by the laser scanner (VIVID9i, Konica Minolta, Inc.), which allowed construction of the 3D models. Then, taking the two 3D models as inputs, Rapid Form analyzed the differences between the two 3D models. Figure 7 shows the results obtained using Rapid Form. As the figure indicates, the average difference was 0.25 mm and the largest difference was less than 0.87 mm. We concluded that the finger prosthesis had adequate size and shape.
Conclusion
We proposed a computer-aided method of designing and fabricating a finger prosthesis. We used the Geometric Database to synthesize a 3D model of a finger prosthesis automatically. The use of the synthesized model is the most distinctive feature of our method. This method enables fabrication of finger prostheses more easily than previously proposed methods. We also used the 3D modeling tools, CAD, and 3D printer to design and fabricate a mold that was used for fabricating the finger prosthesis. We fabricated the finger prosthesis for a healthy volunteer and analyzed the differences between the finger prosthesis and the original finger of the volunteer. As a result, we found that the size and shape of the finger prosthesis were adequate.
Because the Geometric Database contains data only for index fingers, our current approach can be used to fabricate index fingers alone. However, our method can also be used to fabricate other types of fingers once the database is extended to include all of the types of fingers.
